Peanut (Arachis hypogaea L.) is one of the major oilseed crops, mainly grown in tropical and sub-tropical regions of the world. It is also rich in proteins, vitamins and ions, therefore it constitutes an important portion of food nutrition for people in these regions. The production of peanut is being threatened by the changing environments as the major peanut producing counties such as China, India, and USA are facing severe water shortage for peanut irrigation. The yield and quality of peanut are negatively affected by drought and salinity. Making peanut more drought-and salt-tolerant will likely sustain peanut production in countries where water shortage or saline soil are already problems. Efforts were made to genetically engineer peanut for higher tolerance to drought and salt. Analysis of these transgenic peanut plants indicated that the agronomic traits such as peanut yields were the same between wild-type and transgenic peanut plants under normal growth conditions, yet the yields of transgenic peanut plants were much higher than wild-type peanut plant under reduced irrigation conditions. Other traits such as protein content and fatty acid compositions in the seeds of transgenic peanut plants were not altered under both normal and drought conditions, indicating that the genetic manipulation of peanut for stress tolerance did not affect chemical compositions of peanut seeds in transgenic peanut plants, only increased seed yields under stress conditions.
Introduction
Environmental stresses such as drought and salinity are major factors that limit peanut production in the world [1, 2] . It was estimated that drought stress alone is responsible for over $500 million loss in peanut production annually [3] . The major peanut producing countries such as China, India, Nigeria, and USA are all facing severe water shortage for crop irrigation, therefore it is conceivable that the world peanut production will be severely affected in the future. The climate change prediction indicates that more extreme weathers, particularly drought conditions, will occur more often in the tropical and sub-tropical regions of the world [4] [5] [6] , which will make peanut production extremely challenging in the future. As one of the most nutritious foods for oil and protein source, peanut is very popular among counties in Africa, Asia, and North and South America [7] . Reduced peanut production will affect prices of peanut and peanut derived products such as peanut butter, which will add hardships to people in many countries. Now the great challenge ahead is how to sustain peanut production, and perhaps even increase peanut production for our growing population at the time the condition for peanut production is deteriorating.
Traditional approach in breeding for drought-and salt-tolerant peanut has been slow, due to the rareness of alleles for the drought and salt tolerance in the exiting peanut germplasms [8] . Furthermore, even if a gene for drought or salt tolerance is found in a wild relative of peanut, it will be difficult to introgress the gene into the cultivated peanut cultivars due to the reproductive barrier, not to mention the long time required for many generations of back-crossing. With the advent of molecular biology, biotechnology approach offers a powerful alternative in creating drought-and salt-tolerant peanut in a more efficient way [9] [10] [11] . Indeed, over the last 20 years, many genes that confer drought tolerance and salt tolerance were introduced into various crops and tested in laboratories and field, and a few of those genes showed great promises for commercial release [11, 12] . For example, the transcription factor genes such as the DREB/ CBF family have been widely used in improving stress tolerance in several crops [13, 14] . This class of genes may be useful in creating heat-and drought-tolerant peanut in the future (see the example below). In addition to the transcription factor genes, other types of genes might be useful in peanut improvement as well. These genes include those that encode enzymes of ABA biosynthesis or cytokinin biosynthesis pathways, antioxidation metabolisms, and stress signal transduction pathways [8, 11] . Some of these functional genes might be useful in improving stress tolerance in peanut in the future.
Recent Progress in Peanut Biotechnology

Peanut Transformation Technologies
To improve peanut's stress tolerance via biotechnology approach, we must be able to transform peanut. Earlier efforts in transforming peanut using Agrobacterium-mediated gene transfer or biolistic bombardment were largely successful [15] [16] [17] [18] [19] [20] [21] [22] [23] . However, the transformation efficiencies of these efforts were very low, ranging from 0.3% to less 10%. Sharma and Anjaiah [7] established a peanut transformation procedure that drastically increased peanut transformation efficiency to 55% or higher, which made peanut transformation relatively easy and highly reproducible. More importantly, this new procedure, although still using Agrobacterium as a vehicle, appears to be applicable to many ecotypes of peanut. We were able to use this method to transform both New Mexico Valencia and Texas Runner types at equal frequencies, i.e. ~50% [24] [25] [26] .
Creation of Drought-Tolerant Peanut
The first report on engineering peanut for increased drought tolerance was from Sharma's group in India [8] . They introduced an Arabidopsis transcription factor gene called AtDREB1A into a drought sensitive peanut line and analyzed transgenic peanut plants for transpiration efficiency under well watered and water-deficit conditions. The transcription factor AtDREB1A binds to the dehydration responsive element (DRE) that is located upstream of many stress responsive genes, thereby activates expression of DRE-containing genes under stressful conditions [27] . Because AtDREB1A was under the control of a stress responsive promoter, Bhatnagar-Mathur et al. [8] were able to obtain transgenic peanut plants that demonstrated similar phenotype to wild-type plants under well watered conditions, yet these transgenic plants showed higher transpiration efficiency under water-deficit conditions. Although no evidence was given in that paper, the AtDREB1A-trasngenic peanut plants are expected to be more drought-, salt-, and low temperature-tolerant, based on known information regarding other AtDREB1A-transgenic plants [28, 29] .
The second report in literature on genetically engineering peanut for improved drought tolerance was from our effort [24] in which we introduced a cytokinin biosynthetic gene IPT into peanut. The IPT gene encodes isopentenyltransferase, an enzyme that plays a critical role in a rate-limiting step of cytokinin biosynthesis [30] . Drought stress typically causes early senescence in plants, which is advantageous for plants to survive under severe drought conditions in nature as they can quickly finish their life cycle. But this trait is bad for crops, as the yield is severely compromised. If senescence can be delayed under drought conditions, the yield penalty could be reduced. Richmond and Lang [31] demonstrated that exogenous application of cytokinin could delay senescence in plants, and this concept was further proved by later studies that increased cytokinin production by expressing an IPT gene in transgenic plants could indeed delay senescence [32] [33] [34] . However, the delayed senescence might not lead to increased seed yield as timing and place of IPT expression in transgenic plants are also important for reducing the yield penalty under drought conditions. Rivero et al. [35] provided an exciting example that regulated expression of IPT by a water-deficit inducible promoter P SARK could significantly reduce the yield penalty caused by drought in transgenic tobacco plants. This strategy worked very well for rice [36] , as well as for peanut [24] . The P SARK ::IPT-transgenic peanuts plants performed much better than wild-type plants under reduced irrigation conditions in greenhouse, growth chamber, and field conditions. For example, they produced much larger root systems under reduced irrigation in greenhouse conditions, which allowed them to use water more efficiently [24] . They maintained higher photosynthetic rates and stomatal conductance, produced significantly more biomass under reduced irrigation conditions in greenhouse and field conditions (Figures 1(A) and (B) ). The yields of P SARK ::IPT-transgenic peanuts plants were 30% -35% higher than that of wild-type plants based on two years of field data [24] . Furthermore, P SARK ::IPT-transgenic peanuts plants appeared to produce larger and more multipleseed pods than wild-type peanut plants do (Figure 2 ).
Creation of Salt-Tolerant Peanut
As a glycophytic plant, peanut growth is very sensitive to salt, therefore making peanut salt tolerant will improve peanut production in many parts of the world where soils are saline. In 1999, Blumwald's group demonstrated that overexpression of AtNHX1 that encodes the vacuolar membrane-bound sodium/proton (Na + /H + ) antiporter in Arabidopsis could improve salt tolerance in transgenic plants [37] . The increased Na + /H + antiporter activity could lead to increased Na + sequestration into vacuole, which reduces Na + toxicity in cytoplasm and at the same time reducing water potential in the vacuole, leading to increased salt tolerance in AtNHX1-overexpressing plants [38] . This approach was successfully used to increase salt tolerance in other plant species such as tomato [39] , rapeseed [40] , cotton [41] , and soybean [42] . We introduced AtNHX1 into peanut and demonstrated that the salt tolerance of peanut could also be improved [26] . AtNHX1-overexpressing peanut plants could tolerate up to 150 mM NaCl in soil, produce higher amounts of biomass, and maintain higher photosynthetic rates and stomatal conductance during salt treatment [26] . Our greenhouse experiments indicated that overexpression of AtNHX1 could confer increased salt tolerance in peanut, however, we have not tested how these AtNHX1-overexpressing peanut plants would behave under field conditions.
Creation of Drought-and Salt-Tolerant Peanut
Recently, we demonstrated that by overexpressing an Arabidopsis vacuolar pyrophosphatase gene AVP1, we could increase drought and salt tolerance simultaneously in transgenic peanut plants [25] . The vacuolar pyrophosphatase is a proton pump that generates proton chemical gradient across vacuolar membranes. Many secondary transporters such as the Na + /H + antipoter (i.e. AtNHX1) depend on the proton chemical gradient generated by proton pump like AVP1 for activities [38, 43] . Increasing proton pump activities could increase Na + /H + -antipoter activities, thereby increasing salt tolerance [43] . Gaxiola's group demonstrated that overexpression of AVP1 in transgenic plants could increase both drought-and salt-tolerance [44, 45] . The increased drought tolerance in the AVP1-overexpresing plants was due to robust root development, which is caused by increased auxin polar transport in transgenic plants [46] . Since the pioneering work by Gaxiola et al. [44] , AVP1 and its homologs have been overexpressed in many plants, and in all cases, increased drought-and salt-tolerance have been observed [45, [47] [48] [49] [50] [51] . AVP1-overexpressing peanut plants were both droughtand salt-tolerant in greenhouse conditions, as they produced higher amounts of biomass, maintained higher photosynthetic rates and transpiration rates under reduced irrigation and saline conditions [25] . These peanut plants also produced higher yields under reduced irrigation conditions in two-years of field trials [25] .
Even though the seed pods from IPT-transgenic peanut appear larger than those from wild-type peanut plants (Figure 2 ), there were no major changes in the oil contents between IPT-transgenic peanut seeds and wild-type peanut seeds [24] . Similarly, there were no major changes in the oil contents between AVP1-transgenic and wildtype peanut seeds as well [25] . The contents of major fatty acids such as palmitic acid (C 16:0 ), oleic acid (C 18:1 ) and linoleic acid (C 18:2 ) were similar between wild-type and IPT-transgenic and AVP1-transgenic peanut plants. The minor fatty acids varied a little between transgenic peanut plants and wild-type plants, but these differences were also found between wild-type and the segregated non-transgenic lines [24, 25] , suggesting that they might be due to somatic variation resulting from tissue cultures. Furthermore, these differences are likely found among different peanut ecotypes, which show little nutritional differences. It is apparent that overexpression of AVP1 and regulated expression of IPT in peanut do not affect the oil content and major fatty acid compositions. Whether or not P SARK ::IPT-transgenic peanut and AVP1-expressing peanut plants would increase peanut yield under field conditions in large-scale trials is not known, but the data we have from laboratory experiments as well as small-scale field experiments are very promising, which strongly suggest that IPT and AVP1 are excellent target genes that could improve peanut production in areas where water is limited.
Future Challenges
Improving Peanut Transformation Efficiency
Although the procedure developed by Sharma and Anjaiah [7] is quite good in transforming peanut, the false positive rate of over 40% among the regenerated peanut lines is still too high, as sorting out false positives is time-consuming and resource-wasting. Kanamycin was used as the selection marker in transformation, but peanut appears to have some resistance to kanamycin, which leads to a large numbers of escapers in the regeneration process. Because of the resistance to kanamycin, transgenic peanut cannot be screened directly at seedling stage in kanamycin media, instead transgenic peanut plants have to be screened by DNA blot, PCR or RNA blot analysis, which makes characterization of transgenic peanut plants labor-intensive and time-consuming. Therefore it is necessary to develop a more efficient system for peanut transformation, perhaps a better antibiotics that is more effective in killing non-transgenic peanut plants needs to be identified as the selective marker.
Finding More Efficient Genes for Peanut Improvement
The effect of expressing AtDREB1A in peanut under the control of a stress responsive promoter on peanut yield in field conditions has yet to be reported, it is difficult to estimate the impact of this gene on improving peanut production in the semi-arid regions of the world. Based on our own experiences on working with IPT-transgenic peanut and AVP1-transgenic peanut, we have the following observations: IPT-transgenic peanut plants consistently produced higher yields than AVP1-trasngenic plants, and both consistently outperformed wild-type peanut plants (on averages 30% and 20% better than wild-type plants, respectively) under reduced irrigation conditions in the semi-arid regions of West Texas [24, 25] . However, IPTtransgenic peanut plants are not salt-tolerant, yet AVP1-transgenic peanut plants are. Consequently, each has its own strength and weakness. Other genes that prove to be effective in conferring drought tolerance in other transgenic crops have not been tested in peanut, their potential use in peanut might be worth of trying. For example, the SNAC1 gene from rice was shown to confer 23% -34% higher yields when overexpressed in transgenic rice plants under drought conditions [52] . The yield differences between SNAC1-transgenic rice and wild-type rice are similar to the differences found between IPT-transgenic peanut and wild-type peanut plants under water-deficit conditions. Recently a gene named OsSIZ1 was shown to significantly increase both drought-and heat-tolerance when overexpressed in transgenic creeping bentgrass [53] , and similar observation was made in transgenic cotton plants expressing the OsSIZ1 transgene (our unpublished data), suggesting that OsSIZ1 would be an excellent gene that could be used for improving peanut. There might be more genes out there that confer similar or higher tolerance to drought stress, we need to find an efficient way to test them in transgenic peanut plants in the future.
GMO Issues
Perhaps the biggest challenge that we face today in plant biotechnology is not a technical issue, but a political or philosophic issue: should genetically modified organisms (GMO) or genetic engineering products such as transgenic peanut plants be developed and marketed? One of the major obstacles for the adoption of GMO in Europe and many other countries is the perception that GMO is not safe. Although the safety issue has been carefully addressed for each GMO product that is approved for commercial release, there is still strong opposition against GMO products. We have to admit that we did not do a good job in educating general public about the nature of changes in each GMO product, which led to misunderstanding of the GMO products by the general public.
There are a number of GMO products on market and these GMO products contain either herbicide tolerance gene or insect resistance gene, which were inserted into crops either as a single trait or stacked traits [54] . The benefits of having crops with these genes far outweigh the potential harm that these crops might bring, in fact after nearly 20 years of growing crops with these traits and more than 134 million hectares of transgenic crops grown by 2009 [55] , there was not a single report on the adverse impact of GMO on food safety or environmental damage [56] . In US, three governmental agencies oversee the testing and approval of genetically engineered products: the US Department of Agriculture (USDA), Food and Drug Administration (FDA), and Environmental Protection Agency (EPA) [56] . USDA has strict regulations for testing all GMOs before their release, and is responsible for protecting US agriculture and environment from potential pests. FDA is responsible for ensuring the safety of GMO as human's food or animal feed, and EPA is responsible for ensuring that genetically engineered pesticides pose no threats to human and our environment [56] . All GMO products on the market had been thoroughly tested and are continuingly to be carefully scrutinized. If any potential harm to human health or to our environment is found, they will be removed from market immediately. The benefits of using GMOs have been enormous: reduction of 17% pesticides usage from 1996 to 2007 in the US alone (about 359,000 tons of chemicals were not applied in the US soil) and over $19 billion more revenue generated for US farmers during this period [54] . Another misperception about GMO is that man should not change the genetic make-up of crops, as crop plants have evolved for so long to reach today's state, there must be a reason why crops should be the way they are. People who think this way do not realize that in fact there were no crops that would look like what they are today even just 100 years ago. All crop plants we have today were derived from many years' selection and breeding by people, the crops' genomes had changed dramatically over the last century. The yields of crops that existed several thousand years ago were extremely low, usually less than 5% of today's yields. For example, corn's wild relatives today produce ears that are about 2 cm long with tiny kernels. Furthermore, the wild relatives of corn or rice not only have low yields, but low quality as well. They usually taste bad, with low nutritional values, and many even have high levels of allergens. Over the years farmers had selected the best varieties to breed, and especially since the discovery of Mendelian's rules of genetics in early 1910s, scientists had bred crops with the best agronomic traits and created modern varieties of today's crops. People never questioned crops created by traditional breeding methods in the last 100 years, but in fact traditional breeding involves manipulating hundreds, perhaps thousands of genes during crossing between different parental lines or lines from exotic germplasms. Whereas, GMO products usually involve one or a few genes whose biochemistry has been studied extensively, and whose potential being allergens or toxicants is very small, if existent [56] . In summary, given the strict regulations from government and thorough studies from academia, the GMO resulted from biotechnology should be safer, not the other way around [57, 58] . We need to pass this information to general public as one of our missions, if we want to continue to succeed in creating better and safer biotechnology products in the future.
